A novel matrix protein named calcification-associated soluble protein-2 (Casp-2) was isolated from the acetic acid-soluble fraction of the exoskeleton of the crayfish Procambarus clarkii, and its primary structure was determined by a combination of peptide sequencing, mass spectral analysis, and cDNA cloning. Casp-2 consists of 117 amino acid residues and has a chitin-binding consensus sequence, the so-called Rebers-Riddiford (R-R) consensus sequence. Casp-2 exhibited an inhibitory activity on calcium carbonate precipitation from its supersaturated solution in vitro, suggesting association with calcification of the exoskeleton. Reverse transcription PCR and Northern blot analyses indicated that the Casp-2 gene was expressed only at the epidermis throughout the molting stages, and most strongly at the late premolt stage. Recombinant Casp-2 showed weak affinity to chitin in spite of having the R-R consensus sequence. These results indicate that Casp-2 interacts loosely with chitin fibrils and regulates calcification in the cuticle.
Many organisms form hard tissues abundant in minerals, called biominerals, to maintain body structure and balance, to defend against enemies, and to store minerals. 1) Biomineralization is a biological process with interaction between minerals and organic matrices contained in biominerals in minute amounts. Most of the organic matrices are acidic and are thought to serve as promotive or suppressive factors for the nucleation of inorganic crystals or as factors controlling the orientation and/or growth of crystals, 2) although there is little direct evidence.
Crustaceans exploit a molting system for growth, which requires formation and calcification of the exoskeleton at every molting. 3, 4) The exoskeleton of crustaceans is a representative biomineral. It is made up of four layers, epicuticle, exocuticle, endocuticle, and a membranous layer, in that order from outside to inside. [3] [4] [5] Of these four layers, only the exocuticle and endocuticle, the major part of the cuticle, are calcified with calcium carbonate during the post-molt stage. 6) Resorption of calcium carbonate in the exocuticle and endocuticle is triggered by the molting hormone 20-hydroxyecdysone at the beginning of the pre-molt stage, and the resorbed calcium carbonate is stored temporarily as the concretion in the posterior caeca 7) or the gastroliths. 8) After molting, the newly formed exoskeleton is calcified during the post-molt stage using calcium carbonate temporarily stored and taken up from the environment. Thus the exoskeleton of crustaceans shows the dynamic movement of calcium carbonate, but the detailed mechanism remains unknown.
Although various proteins and peptides have been identified in crustacean exoskeletons, 9) only a few proteins and peptides, presumably associated with calcification, have been identified. Two peptides, CAP-1 and CAP-2, extracted from the acetic acid-insoluble fraction of the carapace of the crayfish Procambarus clarkii with a detergent-containing solution and then purified, showed inhibitory activity on calcium carbonate precipitation in vitro. [10] [11] [12] [13] Since both CAP-1 and -2 are highly acidic and have chitin-binding ability, and the genes encoding these peptides are expressed only in the epidermal tissues during the post-molt stage, where and when calcification occurs, they might serve as nucleators or regulators of CaCO 3 precipitation after the formation of a complex with the chitin fibrils. Complementary DNA encoding proteins, DD-4 14) (later renamed crustocalcin) and DD-5, 15) possibly related to the calcification of the exoskeleton, have been cloned from the kuruma prawn, Marsupenaeus japonicus. These two cuticle proteins, deduced from the nucleotide sequences, are thought to be related to calcification because of their acidic nature and exclusive expression in the calcified cuticle at the post-molt stage. cDNAs encoding peptides structurally similar to CAP-1 have been cloned from the hypodermis of the blue crab, Callinectes sapidus. 16, 17) Some of these were expressed in the calcified part, while the others were expressed in the non-calcified part (the arthropodial membrane), but the contribution of these cuticle proteins to calcification remains unclear.
The consensus sequence for chitin binding has been characterized in many arthropod species, including insects and crustaceans, and designated the RebersRiddiford (R-R) consensus sequence. 18) Although the detailed mechanism of binding between proteins and chitin is still unknown, the R-R consensus sequence is found in many cuticle proteins and peptides, including the above-mentioned CAP-1 and -2, DD-4, and some of the C. sapidus cuticle proteins.
In this study, we purified another novel protein, named calcification-associated soluble protein (Casp)-2, from the acid-soluble fraction of the crayfish exoskeleton by in vitro assay for inhibitory activity on calcium carbonate precipitation, and determined its primary structure by a combination of protein sequencing, mass spectral analysis, and cDNA cloning. We also found that recombinant Casp-2 exhibited weaker chitin-binding ability than CAP-1 or -2, although it has the R-R consensus sequence.
Materials and Methods
Collection of carapaces. Freshwater crayfish, P. clarkii, were purchased from a local dealer. Carapaces of crayfish of both sexes in the inter-molt stage were removed, washed, air-dried, and stored at À20 C until use.
Inhibition assay for calcium carbonate precipitation. Inhibition assay for calcium carbonate precipitation was performed as described previously. 10) In brief, 100 ml of 22 mM calcium chloride solution was added to a solution containing 100 ml of 22 mM sodium bicarbonate (pH 8.7) and 20 ml of a test sample solution to make a supersaturated solution of calcium carbonate, which resulted in precipitation of calcium carbonate. The turbidity of the solution was measured every min for 5 min by the absorbance at 570 nm with a spectrophotometer (U-2000A, Hitachi, Tokyo). The results for the inhibitory activity of a test sample were represented as relative activity calculated using the absorbance at 5 min by the following equation:
where Ac is the absorbance of a control solution and As is the absorbance of a sample solution.
Purification of an acetic acid-soluble protein. The carapaces (1 g) were crushed in liquid nitrogen into small pieces and decalcified with 20 ml of 1 M acetic acid at 4 C overnight. The acetic acid-soluble fraction was filtered and applied to a Sep-Pak C 18 column (Waters, Millford, MA), which was first washed with 0.05% trifluoroacetic acid (TFA) and then eluted with 0.05% TFA in 80% aqueous acetonitrile. The eluate was concentrated, lyophilized, and dissolved in 20 mM Tris-HCl (pH 8.0).
The resulting solution was applied to reverse-phase high performance liquid chromatography (HPLC) using a column of SenshuPak PEGASIL-300 C4P (4:6 Â 250 mm, SenshuKagaku, Tokyo), affording nine fractions. Elution was performed by two steps of gradients of 0-20% acetotonitrile/0.05% TFA for 5 min and 20-52% acetonitrile/0.05% for 40 min at a flow rate of 1 ml/min at 40 C, and monitored by the absorbance at 225 nm. Then fraction 7, showing inhibitory activity, was further separated into four fractions by anionexchange HPLC using a column of SuperQ-5PW Finally, an active fraction, named fraction 7-3, was applied to reverse-phase HPLC using a column of SenshuPak PEGASIL-300 C4P (4:6 Â 150 mm, SenshuKagaku). Three steps of gradient elution were performed, with 24-28% acetonitrile/ 0.05% heptafluorobutyric acid (HFBA) for 5 min, 28-32% acetonitrile/0.05% HFBA for 20 min, and 32-80% acetonitrile/0.05% HFBA for 10 min.
Amino acid sequence analysis. The amino-terminal amino acid sequences of intact Casp-2 and its enzymatically digested peptides were analyzed with a protein sequencer (491cLC, Applied Biosystems, Foster City, CA).
Mass spectral analysis. Mass spectra were measured on a matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometer (Voyager-DE STR, Applied Biosystems) with cinapinic acid (Sigma, St. Louis, MO) as the matrix in a positive ion mode.
Enzymatic digestion and characterization of the digested fragments. The purified protein (500 nmol) was dissolved in 200 ml of 1% aqueous ammonium bicarbonate. The solution was divided equally into two parts. One was supplemented with 1 ml of 0.04 mg/ml trypsin (Roche, Mannheim, Germany) and the other was supplemented with 1 ml of 0.04 mg/ml endoproteinase Glu-C (Roche). After incubation at 37 C overnight, 100 ml of 1% TFA was added to each solution to stop the enzymatic reaction. Each digest was separated by reverse phase HPLC with a CAPCELL PAK C 18 (2:0 Â 250 mm, Shiseido, Tokyo) column. Gradient elution was performed with 10-50% acetonitorile/0.05% TFA for 40 min for the tryptic digests, and with 25-65% acetonitrile/0.05% TFA for 40 min for the endoproteinase Glu-C digests at a flow rate of 1 ml/min. The elution was monitored by the absorbance at 225 nm. The fragment peptides were applied to MALDI-TOF mass spectral and amino acid sequence analyses.
Isolation of total RNA, cDNA synthesis, and reverse transcription polymerase chain reaction (RT-PCR). The entire PCR-based cloning strategy together with primers used is shown in Fig. 1 . Total RNA from the tail-fan blade at the post-molt stage (within 1 d of molting) was prepared using ISOGEN (Nippongene, Tokyo) according to the instructions of the manufacturer. First-strand cDNA was synthesized using a SMARTÔ RACE cDNA Amplification Kit (Clontech,) according to the manufacturer's protocol. For RT-PCR, five degenerate oligonucleotide primers (F1, F2, F3, R1, and R2, Table 1) were designed based on the amino acid sequence of Casp-2. A cDNA fragment of Casp-2 was amplified by two rounds of PCR. In the first PCR, the first-strand cDNA was used as a template, and amplification was primed by two pairs of primers, F1/R1 and F2/R1. In the second PCR, the first PCR product was used as a template, and amplification was primed by a pair of nested primers, F3/R2. The program used in PCR amplification was as follows: 3 min at 94 C; 30 cycles of 30 s each at 94, 48, and 72 C; and 5 min at 72 C. Table 1 . 
region of Casp-2 was amplified by two rounds of PCR.
In the first round, the first-strand cDNA was used as a template, and amplification was primed by a pair of universal primer mix (UPM, Table 1 C. In the second PCR, the first PCR product was used as a template, and amplification was primed by a pair of nested universal primer (NUP, Table 1 )/5-race-NR. The PCR program used was 25 cycles of 5 s at 94 C, 10 s at 68 C, and 3 min at 72 C. Two specific primers (3-race-R and 3-race-NR, Table 1 ) were designed based on the nucleotide sequence of the Casp-2 cDNA fragment. A complementary DNA fragment encoding the 3 0 region of Casp-2 was amplified by two rounds of PCR. In the first round, the first-strand cDNA was used as a template, and amplification was primed by a pair of 3-race-F/RTG ( Table 1 ). The following program was used: 3 min at 94 C; 30 cycles of 30 s at 94 C, 30 s at 55 C, and 1 min at 72 C; 3 min at 72 C. In the second-round PCR, the first PCR product was used as a template, and amplification was primed by a pair of nested primer (RTG-N, Table 1 )/3-race NF. The PCR program was the same as that used in the first round of PCR.
Confirmation of the nucleotide sequence of Casp-2 cDNA. The nucleotide sequence of the Casp-2 cDNA obtained by RACE over the coding region was confirmed by PCR amplification using specific primers Casp-2-F/Casp-2-R ( Table 1) .
Collection of tissues for expression analysis. For stage-specific expression analysis, the tail-fan blades were cut out from the crayfish previously anesthetized in iced water at the inter-molt, pre-molt (0, 1, 3, 5, and 7 d after bilateral eyestalk ablation), and post-molt stages. For tissue-specific analysis, the gill, hindgut, hepatopancreas, abdominal muscle, and newly formed cuticle were dissected from three crayfish 7 d after eyestalk removal. All tissues were frozen in liquid nitrogen and stored at À80 C until use.
RT-PCR analysis for gene expression. The first-strand cDNAs of the tail-fan blades were synthesized from total RNAs of inter-molt, pre-molt (1, 3, 5, and 7 d after eyestalk ablation) and post-molt stages, as described above. A Casp-2 cDNA fragment was amplified using a set of primers, Casp-2-F/Casp-2-R. For comparison, a CAP-1 cDNA fragment was amplified using a set of primers, CAP-1-F/CAP-1-R (Table 1) 11) To confirm the amounts of RNAs used, a cDNA fragment of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was amplified using a pair of primers, GAPDH-F/GAPDH-R (Table 1 ). All PCR products were applied to electrophoresis on a 2% agarose gel with ethidium bromide. Northern blot analysis for tissue-specific gene expression. Total RNA was prepared from each of the following: tail-fan blade, gill, hindgut, hepatopancrease, abdominal muscle, and newly formed, uncalcified cuticle of the carapace. Total RNA (10 mg each) was applied to electrophoresis on a 1.5% agarose gel in 40 mM 3-(N-morpholino)-propanesulfonic acid (pH 7.0) containing 18% formamide, and transferred to Hybond N þ (GE Healthcare, Buckinghamshire, UK). These RNA samples were probed with a Casp-2 cDNA fragment corresponding to nucleotides 5-545, which had been labeled with digoxigenin (DIG) Labeling Mix (Roche). Labeling of the cDNA probe, hybridization, washing, and detection were performed according to the manufacturer's protocol. Chemiluminescence of the blot was detected on a lumino image analyzer, LAS-1000 plus (Fujifilm, Tokyo).
Construction of an expression plasmid. A cDNA encoding Casp-2 was inserted into an expression plasmid by the following method: Oligonucleotide primers were designed based on the nucleotide sequence of the Casp-2 cDNA. Primer pF1 (Table 1) contained an Nco I site (italicized) and an initiation codon, while primer pR1 (Table 1) contained an EcoR I site (italicized) and a stop codon (in boldface). PCR was performed with these primers using a plasmid containing Casp-2 cDNA as a template. The amplified product was ligated into a pCR2.1 TOPO plasmid (Invitrogen, Carlsbad, CA). To check the nucleotide sequence of the PCR product, it was sequenced. Subsequently, the Casp-2 insert was released from pCR 2.1-TOPO by Nco I/EcoR I digestion and then ligated into the Nco I/EcoR I site of expression plasmid pET 28c (+) (Novagen).
Preparation of recombinant Casp-2 (rCasp-2). E. coli BL21 (DE3) competent cells (Stratagene, La Jolla, CA) were transformed with the plasmid containing the Casp-2 insert. Bacterial cells from a single colony were grown overnight in an LB medium containing kanamycin (30 mg/ml) with continuous shaking at 37 C, and the culture was diluted 50-fold with the same medium. The diluted culture was incubated with shaking at 37 C for 90 min, and isopropyl-D-thiogalactoside was added to the culture to a final concentration of 1 mM. After further incubation for 2 h, the bacterial cells were harvested by centrifugation and suspended in a 1/12.5 culture volume of phosphate buffered saline (PBS; 10 mM potassium phosphate, 150 mM NaCl, pH 7.5). The cells were sonicated on ice, and the suspension was centrifuged. The supernatant was collected. Both supernatant and pellet were put on a 15% gel of SDS-PAGE under reducing conditions.
A small volume of TFA was added to the supernatant until it became acidic, and acetonitrile was added to a final concentration of 20%. Since insoluble materials appeared, the mixture was centrifuged. Then the pellet was supplemented with 8 M urea, and the resulting solution was shaken for 2 d at 37
C. The dissolved pellet and the supernatant were combined and put onto a DEAE SepharoseÔ Fast Flow (GE Healthcare) column. After washing with 20 mM Tris-HCl (pH 8.0), the materials were eluted with 1 M NaCl/20 mM Tris-HCl (pH 8.0). Then the buffer was changed into 20 mM TrisHCl (pH 8.0) and concentrated by ultrafiltration (Ultrafree, M.W. 5000 cut off, Millipore, Billerica, MA).
The concentrated sample was applied to anion exchange HPLC on a SuperQ-5PW column (7:5 Â 75 mm, Tosoh). Elution was performed first with 20 mM Tris-HCl (pH 8.0) for 5 min, and then with two steps of gradients of 0-0.6 M NaCl in 20 mM Tris-HCl (pH 8.0) for 20 min, and 0.6-1.0 M NaCl in 20 mM Tris-HCl (pH 8.0) for 10 min. Elution was monitored by the absorbance at 225 nm. Materials from the major peaks were collected manually and checked by SDS-PAGE and MALDI-TOF mass spectral analysis. The peak material containing rCasp-2 was then applied to reveresphase HPLC on a SenshuPak PEGASIL-300 C4P (4:6 Â 150 mm, SenshuKagaku). Gradient elution was performed with 24-28% acetonitrile/0.05% TFA for 5 min, followed by 28-32% acetonitrile/0.05% TFA for 20 min.
The amount of protein was estimated by Bradford's method with bovine serum albumin (Nacalai Tesque, Kyoto, Japan) as a standard.
SDS polyacrylamide gel elecrophoresis (SDS-PAGE).
Partially purified preparations of rCasp-2 and washings from chitin-binding assay were applied to SDS-PAGE on a 15% gel under reduced conditions. After electrophoresis, the gel was stained with Coomassie Brilliant Blue (CBB; Nacalai Tesque).
Chitin-binding assay. A chitin-binding assay was performed essentially according to a previous report. 10) In brief, chitin powder (5 mg, Nacalai Tesque) was added to 10 mg of rCasp-2 in 50 ml distilled water, and the mixture was kept at 4 C for 2 d. After centrifugation the supernatant was collected, and the residue was washed successively with 80 ml each of distilled water, 0.2 M NaCl, and 1 M acetic acid. Then the residue was boiled in 2% (wt/vol) SDS containing 20% (vol/vol) 2-mercaptoethanol for 10 min, and the extract was obtained after centrifugation. All the washings and the SDS extract were applied to SDS-PAGE, and the gel was stained with CBB.
Results
Isolation of a calcification-associated soluble protein Soluble organic matrices were obtained by decalcification of carapaces of the crayfish P. clarkii with 1 M acetic acid. This soluble fraction was desalted and lyophilized. It showed inhibitory activity (35% inhibition) on CaCO 3 precipitation from supersaturated solution at a concentration of 4 mg dried carapace equivalents in 220 ml in our assay system. The soluble materials were applied to reverse-phase HPLC and separated into nine fractions, named fraction 1 to fraction 9, according to the UV peaks (Fig. 2) . The inhibitory activity was observed in two fractions, fraction 5 and fraction 7. From fraction 5, a protein, named calcification associated soluble protein (Casp)-1, was obtained by two steps of HPLC. The details will be reported elsewhere. In this study an inhibitory protein in fraction 7 was further purified. The materials of fraction 7 were separated into four fractions, named fraction 7-1 to fraction 7-4, by anion-exchange HPLC (Fig. 3A) . Since fraction 7-3 showed the highest inhibitory activity, it was further purified by reverse-phase HPLC. Finally, a protein was obtained from a single major UV peak and named Casp-2 (Fig. 3B) . The MALDI-TOF mass spectrum of Casp-2 showed a peak of a singly protonated molecule at m/z 12,783. The yield of Casp-2 was about 15 mg from 1 g of dried carapaces. Casp-2 showed 18% and 60% inhibition at concentrations of 35 and 60 nM, respectively.
Amino acid sequence determination of Casp-2 Amino-terminal amino acid sequence analysis of intact Casp-2 unambiguously determined the N-terminal 40 amino acid residues. To determine the sequence beyond the 40th residue, Casp-2 was separately digested with trypsin and endoproteinase Glu-C, and each digest was purified by reverse-phase HPLC. Four tryptic fragments, named T1-T4, were obtained (Fig. 4A ) and subjected to amino acid sequence and mass spectral analyses. The complete amino acid sequences of T1, T2, and T3 could be determined, because the protonated molecular masses calculated from the sequences coincided well with the observed ones ( Table 2) . On the other hand, the N-terminal 35 amino acid residues of T4, whose molecular mass was observed at m/z 6457, were determined, but the sequence information on the C-terminal approximately 30 residues could not be obtained. Similarly, two fragments, named G1 and G2, were obtained by endoproteinase Glu-C digestion and sequenced completely (Fig. 4B and Table 2 ). By combining the N-terminal sequence with the sequences of all the enzymatic fragments, the N-terminal 86 continuous amino acid residues of Casp-2 were obtained without any discrepancy (Fig. 5) . Considering the molecular mass of intact Casp-2, about 30 more amino acid residues at the C-terminal part remained to be determined.
Molecular cloning of a cDNA encoding Casp-2
A cDNA fragment for Casp-2 was first amplified using first-strand cDNA prepared from the tail-fan blade as a template by RT-PCR with degenerate primers designed based on the partial amino acid sequence of Casp-2. Then 5 0 and 3 0 RACE were performed using specific primers synthesized based on the nucleotide sequence obtained by RT-PCR. Finally, a cDNA encoding Casp-2 was cloned, and its nucleotide sequence was determined. The nucleotide sequence of the Casp-2 cDNA and its deduced amino acid sequence are shown in Stage-and tissue-specific gene expression of Casp-2 In the stage-specific expression analysis of Casp-2 by RT-PCR, a band with an expected size (540 bp) was weakly detected at the epidermis throughout the molting stages, and most strongly at the late pre-molt stage (7 d The deduced amino acid sequence is shown in bold letters below the respective codons. The signal peptide is underlined. The partial amino acid sequence determined by peptide sequencing is indicated by broken underline. Some letters under the deduced amino acid sequence show the conserved residues of the R-R consensus sequence. The box represents the polyadenylation signal. The cDNA sequence was registered at the DDBJ data base under accession no. AB292778. after eyestalk ablation, Fig. 7A ). For comparison, the expression of the CAP-1 gene was examined using the same sample, because CAP-1 had been identified from the same source and CAP-1 gene expression had been examined roughly. The results showed that expression of CAP-1 was limited to the late pre-molt and post-molt stages, and was higher than Casp-2 at the post-molt stage (Fig. 7A) . Tissue-specific expression of Casp-2 was examined by Northern blot analysis using total RNAs from several organs, such as tail-fan blade, hepatopancreas, gill, abdominal muscle, hindgut, and epidermis dissected from the crayfish of the late premolt stage. A band with the size of about 600 bases was detected with RNAs extracted from the tail-fan blade and epidermis (Fig. 7B ). All these results suggest that the Casp-2 gene is expressed in the epidermis, principally at the late pre-molt and post-molt stages.
Expression and purification of rCasp-2 After E. coli cells carrying the expression vector with an insert of a cDNA fragment of Casp-2 were cultured, harvested, and sonicated, soluble and insoluble fractions were obtained by centrifugation. In SDS-PAGE, a candidate band for rCasp-2 was detected only in the soluble fraction (data not shown). Hence, rCasp-2 was purified from the soluble fraction by reverse-phase HPLC. In the MALDI-TOF mass spectrum of rCasp-2, a peak of a protonated molecule was observed at m/z 12,854, which agreed well with the calculated value (12,847) from the sequence, which had an additional Ala residue at the N-terminus of natural Casp-2 due to the codon adjustment when the Casp-2 cDNA was inserted into the expression vector. The yield of rCasp-2 was approximately 130 mg/100 ml of culture.
Chitin-binding ability of rCasp-2
To determine the chitin-binding ability of Casp-2, chitin-binding assay was performed using rCasp-2, essentially according to the method reported previously.
10) Although rCasp-2 had an additional Ala residue at the N-terminus, the influence of this residue was thought to be negligible because it was located far from the R-R consensus sequence. A solution of rCasp-2 was incubated with powdered chitin, and the insoluble materials were successively washed with distilled water, 0.2 M NaCl, 1 M acetic acid, and 2% SDS in 20% 2-mercaptoethanol, and then each washing was analyzed by SDS-PAGE. Recombinant Casp-2 was recovered in both the NaCl and the acetic acid washings in almost equal amounts (Fig. 8) . 
Discussion
In this study, we identified a novel matrix protein, Casp-2, probably associated with calcification, in the exoskeleton of the crayfish by combining the results of peptide sequencing with those of cDNA cloning. This protein is the first one to be obtained from the acetic acid-soluble fraction of the crayfish exoskeleton. Peptide sequencing did not determine the C-terminal part, probably due to the presence of many Glu, Arg, and Lys redisues there, which resulted in the generation of small peptide fragments after digestion with trypsin and with endoproteinase Glu-C, causing a loss in reversephase HPLC separation. Casp-2 is an acidic protein with a calculated pI value of 4.25, and it consists of 117 amino acid residues. A blast search on all databases of DDBJ revealed that Casp-2 is similar to cuticle proteins in other crustaceans (Fig. 9A ), which were deduced by EST analysis. The highest similarity (46% identity) was observed in the cuticle protein of a different crustacean species, C. sapidus. The proteins from the second to the fifth highest sequence similarity are all derived from the cuticle of crustaceans. 16, 19, 20) This similarity is observed universally in the entire sequence, including the R-R consensus sequence. Rather low sequence identity to CAP-1 (25%) suggests a difference in the role and distribution of these proteins in the cuticle. Casp-2 showed weaker inhibitory activity on our in vitro assay than CAP-1 or -2, previously identified in the same source by our group. [10] [11] [12] [13] Since it has been found that acidic amino acid residues are important to inhibitory activity, 21) the weaker activity of Casp-2 can be attributed to its poorer content of acidic amino acid residues than CAP-1 or -2. In addition, rather dispersed distribution of acidic amino acid residues in Casp-2 appears to be responsible for the weaker inhibitory activity, because clustering acidic amino acid residues can cause increased inhibition, as observed in CAP- A, alignment of Casp-2 with proteins of highest similarity. B, alignment of Casp-2 with CAP-1 10) and CAP-2. 12) Black boxes indicate identical amino acid residues, and gray boxes indicate conservative substitutions. The conserved residues in the R-R consensus sequence (boxed) are shown below the alignment. Asterisks represent identical amino acid residues other than the R-R consensus sequence. Alignment was performed by CLUSTAL W. CP14.1, 19) AMP16.5, 19) AMP13. 4, 19) and AMP6.0 16) are cuticle proteins of C. sapidus, and AM1274 20) of C. pagurus.
and Prismalin-14. 22, 23) In Casp-2, the acidic amino acid residues are clustered in the C-terminal part, but basic amino acid residues are also mixed in this part, resulting in weakened inhibitory activity.
Expression of the Casp-2 gene was observed most abundantly in the newly formed cuticle during the late pre-molt stage. Before molting, a new cuticle is partially formed under the old cuticle, which is removed at ecdysis. As described above, the cuticle of crustaceans consists of four layers, the epicuticle, exocuticle, endocuticle, and membranous layer, which are formed in this order from the outside. Of these four layers, the former two are mainly formed before molting, and the latter two are formed after molting. 4) We have reported that the CAP-1 gene was expressed only at the post-molt stage. However, it was found in the present experiment that it began to be expressed at the late pre-molt stage, and that its expression was maintained up to the postmolt stage. In contrast, the Casp-2 gene was expressed most strongly at the late pre-molt stage, and its expression decreased toward the post-molt stage. Therefore, considering this stage-specific expression of the Casp-2 gene, Casp-2 is thought to contribute mainly to the formation of the exocuticle and partly to that of the endocuticle. Since the exocuticle has not yet been calcified before molting, a chitin-protein complex formed in the exocuticle during the pre-molt stage might serve as a scaffold for calcification, which occurs after molting. It was unexpected that the Casp-2 gene was expressed even at the inter-molt and early pre-molt stages, because it is generally thought that cuticle formation is complete at the end of the post-molt stage. Recently, it was reported that the expression levels of some genes encoding cuticle proteins were upregulated at the inter-molt stage, not the pre-molt or post-molt stage, in the crab Portunus pelagicus.
24) The function of these proteins produced at the inter-molt stage is unclear, but differential expression of these genes might be related to the differences in the roles of the proteins encoded by these genes in cuticle formation and calcification from those of other cuticle proteins.
Only the exocuticle and endocuticle are calcified, and they comprise a major part of the entire cuticle, of which chitin is one of main components and forms a complex with proteins to provide a scaffold for calcification. The chitin-protein complex is produced through the R-R consensus sequence, spanning about 35 amino acid residues. 18, 25) Hence it was unexpected that Casp-2 was easily extracted with an aqueous acetic acid solution, even though it had the R-R consensus sequence. This means that Casp-2 might bind weakly to chitin. CAP-1 and -2 were not extracted with the same solution, but were solubilized with an SDS-containing solution at high temperature, probably because they bind strongly to chitin through the R-R consensus sequence by hydrophobic interaction. In this study, rCasp-2 showed weak chitin-binding ability, which is consistent with the fact that natural Casp-2 was extracted easily with an acetic acid solution. The conserved residues in the R-R consensus sequence, GX 8 GX 6 YXAXEXGYX 7 PX 2 P, where X means any amino acid residue, among many cuticle proteins and peptides were also preserved in Casp-2 ( Fig. 9A and B) . Therefore, the strength of affinity in chitin binding may depend on residues other than the conserved ones in the R-R consensus sequence. In fact, comparing the R-R consensus region with that of CAP-1 or -2 (Fig. 9B) , most of the residues other than conserved ones are different, and some of the residues may contribute to enhancement of the affinity to chitin. Secondary structure prediction indicated that the R-R consensus sequence has a -pleated sheet structure. 26) To understand the difference in affinity to chitin, it is necessary to analyze the secondary and tertiary structure of proteins carrying the R-R consensus sequence. Besides this, identification of the residues for enhancement of chitin-binding ability requires a more quantitative method of measuring chitin-protein interaction.
